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High-quality crystalline Ge thin-films on low-cost glass substrates are desired to reduce the 20 
fabrication cost of high-efficiency tandem solar cells. We applied an Al-induced 21 
crystallization technique to amorphous-Ge films (50-nm thickness) on SiO2 glass substrates. 22 
The annealing temperature of the sample strongly influenced the grain size and the crystal 23 
orientation in the grown polycrystalline Ge layers: low annealing temperatures resulted in 24 
large grains and high (111)-orientation fractions. As a result, annealing at 325 ˚C provided 25 
98% (111)-oriented grains with average diameters of 30-m. Moreover, the grown Ge layers 26 
could be used as an epitaxial template for chemical vapor deposition. This large-grained Ge 27 
film on a SiO2 substrate appears promising for use as a Ge light-absorbing layer, as well as an 28 
epitaxial buffer layer for group III-V compound semiconductors. 29 
  30 
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1. Introduction 31 
     Germanium has been used in the bottom cell of high-efficiency tandem solar cells 32 
because of its desirable characteristics, such as its narrow band gap (0.66 eV), large 33 
absorption coefficient (~10
4
 cm
-1
 at 1.1 eV), and good lattice matching to group III-V 34 
compound semiconductors (0.1% lattice mismatch with GaAs) [1]. However, bulk Ge 35 
substrates are extremely expensive, which has limited their application to special uses, such as 36 
in tandem solar cells for space satellites. One promising approach to reducing fabrication cost 37 
is substituting the bulk Ge substrate with a high-quality Ge thin film on a low-cost glass 38 
substrate. Here, a low-temperature process (< 550 ˚C) is required to avoid softening the glass 39 
substrate. Considering the absorption coefficient of Ge, the optimum thickness of the Ge layer 40 
is calculated to be approximately 3-m. In order to be able to draw photoexcited carriers to 41 
the bottom and top electrodes, the grain size in the Ge layer should be larger than 3-m in 42 
diameter, because grain boundary scattering quenches the photoexcited carriers. Specifically, 43 
a polycrystalline Ge (poly-Ge) layer works almost as well as a single-crystal Ge substrate if 44 
the grain size is sufficiently large and the crystallinity of each grain is sufficiently high. A 45 
promising technique for forming large-grained group III-V compound semiconductors for the 46 
middle or top cells is epitaxial growth from each grain of the bottom Ge layer [2]. Regarding 47 
the crystal orientation, (111)-oriented Ge is favorable for forming nanowires, which 48 
dramatically enlarge the light-absorbing area [3, 4]. Many researchers have developed 49 
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advanced growth techniques: solid-phase crystallization (SPC) [5-7], metal-induced SPC 50 
[8-10], laser annealing [11-13], and chemical vapor deposition (CVD) [14]. However, the 51 
resulting Ge layers consist of small, submicron grains, with nearly random orientations. 52 
     Aluminum-induced crystallization (AIC) is a metal-induced SPC technique developed 53 
for amorphous-Si (a-Si) films on glass substrates [15-23]. CVD of Si layers onto the AIC-Si 54 
thin film is a promising approach to fabricating low-defect, large-grained Si layers on glass 55 
substrates [24, 25]. However, AIC of amorphous Ge (a-Ge) had been difficult to accomplish 56 
[26-29]. Recently, we realized Ge-AIC by preparing thin Ge and Al layers (50-nm thickness) 57 
and optimizing the thickness of the AlOx interfacial layer (~1 nm) [30]. This resulted in 58 
preferentially (111)-oriented (~68%) poly-Ge films with relatively large-grains (5-m 59 
diameters). In this paper, the (111)-orientation fraction and the grain size are dramatically 60 
improved by lowering the annealing temperature. Moreover, we demonstrate the usability of 61 
the Al-induced crystallized Ge (AIC-Ge) films as an epitaxial template for large-grained 62 
active Ge layers. 63 
 64 
2. Experimental procedure 65 
     The preparation of the Al and Ge layers on quartz glass (SiO2) substrates was carried 66 
out at room temperature using a radio-frequency magnetron sputtering method. The 67 
deposition times were 2.5 minutes for Al and 2.2 minutes for Ge, respectively. Between the 68 
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two deposition cycles, the Al films were exposed to air for 5 minutes to form native AlOx 69 
layers, in order to form a diffusion control layer. The thicknesses of the Al and a-Ge layers 70 
were selected to be 50 nm each, because this thickness is favorable for the AIC growth of 71 
a-Ge [30]. Finally, the samples were annealed at 325-400 ˚C in N2 for 1-100 h. The surface 72 
morphologies of the Ge layers were observed by Nomarski optical microscopy and scanning 73 
electron microscopy (SEM). The Raman spectra were recorded using a Jobin Ivon Raman 74 
microprobe system, with an Ar
+
 laser (514.5 nm) excitation in a backscattering geometry. 75 
-2 x-ray diffraction (XRD) measurements were performed using a Rigaku SmartLab system 76 
with a Ge monochromator at a wavelength of 1.54 Å. The grain size and crystal orientation 77 
were evaluated by electron backscattered diffraction (EBSD) measurement. Prior to the EBSD 78 
measurement, the aluminum and oxide layers on the Ge layers were etched using an HF 79 
solution (HF: 1.5%) for one minute.  80 
 81 
3. Results and Discussion 82 
     Figs. 1(a) shows the expected schematic diagrams of the respective crystallization 83 
stages, that is, Ge diffusion into Al, Ge lateral growth, and layer exchange. Each diagram 84 
corresponds to its respective Nomarski optical micrograph in Fig. 1(b). These micrographs 85 
show the back surface of the sample observed through the transparent quartz substrate. The 86 
annealing temperature is 375 ˚C. These micrographs suggest that the Ge atoms diffuse to the 87 
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back surface, grow laterally, and cover the entire substrate during the annealing. The Raman 88 
spectra in Fig. 1(c) show the appearance of a large peak after annealing. This peak, at around 89 
295 cm
-1
, originates from the vibration mode of Ge-Ge bonds, indicating the crystallization of 90 
the Ge layer through the layer exchange process. These results typically demonstrate the 91 
completion of AIC of a-Ge on a quartz glass substrate. 92 
     The EBSD measurement statistically characterizes the crystal orientation of the AIC-Ge, 93 
as a function of the annealing temperature (400 ˚C, 375 ˚C, 350 ˚C, and 325 ˚C). The 94 
lower the annealing temperature, the longer the annealing time required for completion of the 95 
AIC: (a) 1 h (400 ˚C), (b) 10 h (375 ˚C), (c) 30 h (350 ˚C), and (d) 100 h (325 ˚C). The 96 
crystal orientation maps along the normal (z) and in-plane (x) directions relative to the sample 97 
surfaces are respectively shown in Figs. 2(a)-2(d) and Figs. 2(e)-2(h). We can estimate the 98 
grain size from the in-plane orientation maps, because the in-plane crystal directions are 99 
different among the respective grains. The orientation maps in Fig. 2 clearly indicate that the 100 
orientation and grain size of the AIC-Ge layers strongly depend on the annealing temperature: 101 
a lower annealing temperature results in a dominant (111) orientation and a larger grain size in 102 
the AIC-Ge layers. 103 
     The EBSD analysis is used to derive the area-fractions of the (111) orientation; the 104 
average grain size from the EBSD maps is shown in Figs. 2(a)-2(h). The result is shown in 105 
Fig. 3(a). By definition, the (111) fraction contains planes with tilt that is within 10
o
 of the 106 
  7 
exact (111) plane. Fig. 3(a) clearly indicates that both the (111) fraction and the grain size 107 
increase with decreasing annealing temperature. As a result, the (111) fraction is as high as 108 
98% and the grain size is as large as 30-m diameter for an annealing temperature of 325 ˚C. 109 
These values are the highest among those previously reported for poly-Ge layers on 110 
amorphous substrates in low-temperature processes [5-14]. In our previous work on AIC-Ge 111 
annealed at 410 ˚C [30], the (111) fraction and the grain size were limited to 68% and 5 m, 112 
respectively. Therefore, we can conclude that lowering the annealing temperature is very 113 
important for enhancing the quality of the poly-Ge films in this AIC technique. 114 
     Next we discuss the annealing temperature dependence of the growth morphology. Ge 115 
nucleation models are illustrated in Fig. 3(b). In the AIC of Si, it has been reported that Si 116 
nucleation occurs when the Si concentration in the Al saturates at a level above the solubility 117 
limit [15,17,19,20]. In particular, Sarikov et al. clarified that the supersaturation level of Al 118 
with Si becomes higher when the annealing temperature is lowered [19]. This mechanism 119 
should be the same for the AIC of Ge. During annealing, Ge atoms gradually diffuse into the 120 
Al layer through the interfacial AlOx layer. When the supersaturation level is low, the Ge 121 
concentration saturates in the bulk Al before the Ge atoms reach the SiO2 surface. Because Ge 122 
nucleation occurs homogeneously in the bulk Al, the orientation becomes random as shown in 123 
Fig. 3(b). In contrast, when the supersaturation level is high, Ge atoms can reach the SiO2 124 
surface without supersaturation occurring, and without homogeneous nucleation occurring in 125 
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the bulk Al. In the case of heterogeneous nucleation, the interfacial energy determines the 126 
preferential orientation of the nuclei [19, 31]. Because the (111) plane has the lowest 127 
interfacial energy in the diamond structure, (111)-oriented Ge nucleation occurs 128 
heterogeneously on the SiO2 surface [32]. Therefore, the preference for the (111) orientation 129 
increases as the annealing temperature decreases. For the AIC technique, the initial nucleation 130 
density determines the grain size because lateral growth stops when the growth fronts collide 131 
[20]. Because a higher supersaturation level causes a lower nucleation rate [17,19], using a 132 
low annealing temperature results in a large-grained poly-Ge film. 133 
     We investigated epitaxial thickening of Ge on the AIC-Ge (grown at 350 ˚C) using the 134 
CVD technique to confirm that this AIC-Ge can be used as an epitaxial template for advanced 135 
materials and nanowires. In the CVD, we employed a GeH4 gas source and kept the sample 136 
substrate at 450 ˚C. A 200-nm thick Ge layer was grown on the AIC-Ge film. The SEM and 137 
EBSD images of the CVD-thickened sample surface are shown in Figs. 4(a) and 4(b), 138 
respectively. The CVD layer clearly shows predominantly (111) orientation. This result 139 
indicates CVD epitaxial growth of the Ge layer on the AIC-Ge film, because conventional 140 
CVD-Ge layers without AIC-Ge templates consist of small grains with random orientations 141 
[14].  142 
     XRD measurements are performed to evaluate the epitaxial relationship between the 143 
CVD-Ge and AIC-Ge layers. Fig. 5(a) shows the XRD patterns taken from -2 144 
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measurements for the samples before and after CVD thickening. In both patterns, sharp peaks 145 
are observed at around 27
o
, which corresponds to the Ge (111) plane. This figure clearly 146 
shows that the CVD thickening strongly enlarges the Ge (111) peak, and other peaks do not 147 
appear. A reciprocal space map was obtained around the Ge (111) plane and is shown in Fig. 148 
5(b). A wide contour is observed in the reciprocal space map, which reflects the tilted (111) 149 
planes. The maximum tilt angle is calculated to be 12 degrees. This contour has only a single 150 
peak, which suggests that the orientation of the AIC-Ge and CVD-Ge layers is the same, due 151 
to homoepitaxial growth. The lattice constant of the Ge layer is calculated to be 5.658 Å from 152 
the peak position, a value that is almost the same as the relaxed Ge lattice constant (5.66 Å). 153 
Therefore, we have demonstrated the usability of this AIC-Ge thin film on an insulator as an 154 
epitaxial template for the CVD-Ge layer. It is expected that epitaxial growth of other 155 
advanced materials and unidirectionally aligned nanowires is possible using this technique.  156 
 157 
4. Conclusions 158 
     We have investigated the Al-induced crystallization (AIC) of an a-Ge film (50-nm 159 
thickness) on an insulator. The crystallization of the a-Ge layer occurred through the 160 
layer-exchange process. We found that the annealing temperature of the sample strongly 161 
influenced the grain size and crystal orientation in the grown Ge layers: a lower annealing 162 
temperature yielded larger grains and a higher (111)-orientation fraction. Annealing at 325 ˚C 163 
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increased the grain size to up to 30-m in diameter and the (111)-orientation fraction to up to 164 
98%. Moreover, the grown Ge layers proved suitable for use as an epitaxial template for 165 
chemical vapor deposition (CVD). This large-grained Ge layer on an insulator holds promise 166 
for use as a Ge light-absorbing layer and as an epitaxial buffer layer, not only for group III-V 167 
compound semiconductors, but also for nanowires and other advanced materials. 168 
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Fig. 1. (a) Schematic structures of the expected growth stage during AIC of a-Ge. (b) 223 
Nomarski optical micrographs of the back surface of the sample annealed at 375 ˚C for 0 h, 2 224 
h, and 10 h. (c) Raman spectra before and after annealing. The peak at 295 cm
-1
 corresponds 225 
to the Ge-Ge vibration mode. 226 
 227 
Fig. 2. EBSD images of the AIC-Ge surfaces after annealing at 400 ˚C, 375 ˚C, 350 ˚C, 228 
and 325 ˚C. (a)-(d) normal (z) and (e)-(h) in-plane (x) directions with respect to the sample 229 
surface. The colors indicate the crystal orientation, according to the inserted color keys. 230 
 231 
Fig. 3. (a) The (111)-orientation area-fraction and grain size of the AIC-Ge layers as a 232 
function of the annealing time. (b) Schematic model of the temperature-dependent 233 
(111)-orientation fraction and grain size: (111)-oriented nuclei are generated at the Ge/SiO2 234 
interface. 235 
 236 
Fig. 4. (a) SEM and (b) EBSD images of the thickened Ge layer grown on the AIC-Ge 237 
template. 238 
 239 
Fig. 5. XRD characterization of the thickened Ge layer grown on the AIC-Ge template. (a) 240 
XRD patterns obtained by 2 measurements before and after CVD-thickening and (b) 241 
  15 
reciprocal space mapping taken around the Ge (111) reflection. 242 
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